ABSTRACT
LA
Cytokinins are known to effect many complex biological processes in a yet undefined manner (21) . Morphogenesis of callus tissue (28) , retardation of leaf senescence (27) , stimulation of cytokinesis (20) , and promotion of lateral bud development (30) are among the hard to interpret, complex processes altered by these growth substances. On a long time scale, cytokinins have been proposed to interact with tRNA, thereby effecting subsequent protein synthesis (11) . The altered enzymic activities may then be responsible for the measured cytokinin effects. Rapid time effects, such as those reported here, have not yet received much attention.
It would be highly desirable to attribute most or all of the various cytokinin effects to some initial interaction with a fundamental component of the cell. In this regard, Veldstra in 1944 proposed that growth substances exert their initial effects by altering membrane permeability (32) . Indeed, the plant growth substances are compounds of limited water solubility and, as such, would be expected to partition into hydrophobic membranes rapidly. Despite this early prediction, the nature and extent of any cytokinin-membrane interactions have not been thoroughly investigated at the molecular level. The reported studies of kinetinaltered membrane processes have involved complex natural membranes (3, 9, 12-14, 17, 19, 23) and therefore the specific nature of the hormone-membrane interaction remains obscured. It is assumed that, if cytokinins do affect membranes, they must do so by directly altering a membrane protein (9, 10, 19 (4) . The initial absorbance change rate, AA/At, which is known to be proportional to the liposome volume change (2, 4, 5, 7, 25) , was determined for each experiment. The initial swelling velocity, d(l/A )/dt%, which has previously been shown to be proportional to water permeability, was then calculated (4) . Each 
RESULTS
These experiments are based on making liposomes in a highionic-strength buffer, and then plunging them into similarly buffered hypotonic solution and following the rapid liposome swelling by decreases in light absorbance. The initial swelling rates, d(l/A)/dt%, are known to be proportional to water permeability (2, 4). They were determined from absorbance versus time curves during liposome swelling as described by Blok et aL (4) .
The objective of the experiments was to measure the effect of kinetin on the swelling curves and hence on water permeability. Figure 1 shows a typical absorbance versus time curve for egg lecithin liposomes in hypotonic and isotonic buffers (pH 11.0, 15°C). Kinetin concentration was 2.326 mm. A small kinetindependent absorbance increase was noted for liposomes even in isotonic buffer. Because this could not be due to water permeability, a possible explanation was that kinetin induced liposome aggregation. We therefore measured the initial absorbance in isotonic buffers of identical liposome populations that had been preincubated with different quantities of kinetin. Figure 2 depicts this kinetin-dependent increase in isotonic absorbance. We also measured the effect of incubation time with kinetin on the initial absorbance of identical liposome populations in isotonic buffer. Figure 3 shows that kinetin increased this initial absorbance in relation to its incubation time up to about 2 h. After 2 h of incubation, kinetin had no further effect on initial absorbance.
Of more significance to this paper is the effect of kinetin on water permeability as measured in hypotonic media. In Figure 4 , we present data demonstrating the decrease in absorbance caused by liposome swelling. These experiments also used egg lecithin liposomes at pH 11.0, 15°C. The initial absorbance change is reported for a series of kinetin concentrations from 0 to 2.326 mm kinetin.
Because kinetin is poorly water soluble at physiological pH, but is soluble in dilute acid or base, we ran most of our experiments at high pH (11.0). We were, however, able to measure similar kinetin-induced water permeability increases at pH 2.0 and 7.0 (also at 15°C), and this is reported in Figure 5 . pH 7.0 data is not plotted on this graph but instead is reported in Table I due to the lower kinetin concentrations (and hence, lower swelling rates) attained at neutral pH.
Because the egg lecithin used in most experiments is an impure mixture ofphosphatidylcholine (60%o), phosphatidylethanolamine, and some other lipids, it tends to make a very fluid membrane with high water permeability. For these membranes, initial swelling rates were very rapid and difficult to determine at high temperatures (above 30°C). Therefore, most experiments were run at 15°C to slow the process. Even at 15°C, however, egg lecithin is well above its phase transition temperature. Since we were interested in the effect of kinetin on membranes in both the liquid crystalline as well as the gel state, experiments were run with pure, synthetic phosphatidylcholines possessing sharp phase transition temperatures in the range of the temperature control mechanism of our spectrophotometer (10-50°C). In Figure 6 , the swelling rates for dimyristoylphosphatidylcholine liposomes (phase transition temperature, 23.6°C) are reported when the bilayer is in the gel state (17°C) and the liquid crystalline state (27°C and 35°C). Kinetin-induced increase in water permeability is significant only with membranes above their phase transition temperature. Also, as expected, water permeability increases as a function of temperature for any single kinetin concentration.
In Table II , we report the effect of kinetin on water permeability for dipalmitoylphosphatidylcholine liposomes (phase transition temperature, 41.3°C) above and below its phase transition temperature. Water permeability was very low at 20°C but increased considerably at 30°C. At 20°C or lower, kinetin had no appreciable effect on water permeability. At a temperature above the phase transition (50°C), water permeability was so high it was difficult to measure accurately. However, the kinetin did not appear to affect this rapid process.
In Figure 7 , we compare the effect of kinetin on water perme- phospholipids dimyristoylphosphatidylcholine and dipalmitoylphosphatidylcholine, which are in the gel state. Again, kinetin appears to increase water permeability to a larger extent with the more fluid membranes.
Since membrane fluidity appears to be in some way related to the extent of the kinetin effect on water permeability, we measured water permeability at 15°C with dimyristoylphosphatidylcholine liposomes containing 0, 5, and 10%1o dioleoylphosphatidylcholine (phase transition temperature, -22°C). In Figure 8 , water permeability is shown to be enhanced as a function of dioleoylphosphatidylcholine content. Again, the more fluid membranes, containing the dioleoylphosphatidylcholine, display a larger kinetin effect than did the control with no unsaturated phospholipids.
Other experiments were designed to determine if kinetin affected the bilayer in a specific fashion or if the effect of kinetin on water permeability was just the result of its being a lipid-soluble molecule. In Table III range of concentrations (0-1.63 mM) as was noted for water permeability. These results are reported in Table IV .
DISCUSSION
A list of whole plant cytokinin effects can be so baffling that it is impossible to deduce even the initial site of action for the growth substance (21) . Proposed theories have run from slow, protein synthesis effects to rapid membrane-associated effects. Here we discuss the possibility that kinetin may effect some important physical property of the membrane lipid bilayer, namely that of permeability.
Our experiments clearly indicate that kinetin affects the permeability of membranes composed of phosphatidylcholine to water and also glucose. We have demonstrated enhanced water permeability with membranes composed of the natural phospholipids, asolectin and egg lecithin, as well as the well defined, synthetic phosphatidylcholines, dimyristoylphosphatidylcholine, and dipalmitoylphosphatidylcholine. The results in Figure 7 indicate kinetin produces a larger enhancement of water permeability with the more fluid asolectin and egg lecithin membranes than it does with the gel state membranes composed of the synthetic phospholipids.
By incorporating increasing amounts of a low-melting phospholipid (dioleoylphosphatidylcholine) with dimyristoylphosphatidylcholine, we were able to make membranes of increasing fluidity when measured at any single temperature. These membranes displayed an enhanced kinetin effect in relation to the amount of unsaturated phospholipid incorporated into the membrane ( The effect of kinetin on water permeability was compared to that of the structurally related compounds adenine and BA (Table  III) . At the levels tested in these experiments (up to 1.63 mM), adenine had no effect while kinetin produced a significant enhancement in water permeability. Therefore, the two compounds with hormone activity, kinetin and BA, enhanced water permeability while the structurally, but not functionally related compound, adenine, had no effect.
In the experiments presented here, we used changes in water permeability as a general probe for membrane structural integrity. Water, being a small neutral molecule, crosses membranes rapidly, and so kinetin-induced permeability changes could only be detected over a rapid time scale. Using just water permeability, we could not be sure if the increase in permeability was specific for water or if it was a general increase that could be detected over lon er times using a larger solute. We therefore tested the diffusion of [4Cglucose, a solute known to penetrate lipid bilayers very slowly (2, 33) . The data presented in Table IV indicate that kinetin in the concentration ranges used for the water permeability studies also increases the permeability of ["C]glucose. Kinetin is therefore acting as a general bilayer perturbing agent.
The experiments reported here are based on protein-free artificial membrane models and are run at temperatures, pH values, and kinetin levels chosen to maximize measured water permeability changes. The experimental conditions obviously do not match those existing in a natural physiological situation. However, we still believe the observation that kinetin affects transmembrane water permeability is valid. Below, we discuss each of these potential problems.
Temperature. We have reported water permeability of the natural phospholipid membranes asolectin and egg lecithin at 15°C instead of room temperature. This was to decrease membrane fluidity enough to be able to accurately measure initial liposome swelling rates. However, we also ran experiments from 10°C to 50°C, the limits of our spectrophotometer, and in most cases, kinetin increased water permeability. At very high water permeability rates (high temperatures and unsaturated phospholipid membranes), the kinetin effect was not observable by our methods. However, this does not mean that at very fast times kinetin is not affecting water permeability of even these very fluid membranes.
pH. Kinetin is sparingly soluble at neutral pH but is quite soluble in acidic or basic solutions. Since we measure small changes in liposome size in very turbid solutions (initial absorbance is 0.8-0.9), possible precipitation of kinetin could be mistaken for a change in liposome size. For this reason we ran many of the experiments at pH 11.0 to 11.5 where we were certain kinetin stayed in solution. We did, however, run several experiments at pH 2.0 and pH 7.0. Kinetin solutions were routinely filtered before adding to the liposomes. A 60-min preincubation of liposomes with kinetin enhanced the absorption onto the membranes. For the experiments reported in Figure 5 and Table I , kinetin increased water permeability of egg lecithin liposomes in acidic, neutral, and basic solution.
Kinetin Concentration. Kinetin concentrations are usually expressed in terms of molarity in the aqueous bathing solution. By this our kinetin levels are higher than those reported for many, but by no means all, physiological studies. We measured water permeability from 16.3 ym to 2.4 mm kinetin. Reporting kinetin levels in this fashion may, however, be misleading. If kinetin is in fact absorbing to and affecting lipid bilayers, a more meaningful number would be the kinetin-to-phospholipid ratio. Inasmuch as our experiments required relatively large amounts of phospholipids for vesicle formation, there was of necessity large exposed bilayer surfaces for the kinetin to interact with, and thus a high kinetin concentration was required in the bathing solution. Nev-. ertheless, the kinetin-to-phospholipid ratio for the experiments reported here is not high. For example, in the dimyristoylphosphatidylcholine liposome experiments reported in Figure 6 , even a I mM kinetin solution would have a kinetin-to-phospholipid ratio of 0.2. It would be difficult to compare the effective kinetinto-phospholipid ratio reported here with kinetin concentrations reported in other experiments using, for example, beet root tissue (23) , sunflower cotyledons (14) , or onion epidermis cells (9) . Since kinetin likely partitions into the hydrophobic membrane, we propose that the molarity of kinetin in the bathing solution is not as important as the total amount of kinetin exposed to the surface phospholipids.
Liposome Models. We have used the protein-free liposome models to investigate the possible interaction of kinetin with only the lipid component of membranes present and with no possible interference from the complex protein component. Liposomes have for more than a decade proven their worth as authentic analogs of natural membranes (15, 24, 31) . Their simple bilayer construction can be accurately controlled by adjusting the phospholipid composition. In the experiments reported here, we kept the phospholipid head group constant (phosphatidylcholine) while varying the nature of the fatty acid tails. We wanted to determine if kinetin could affect some membrane physical property, thus clearly demonstrating a membrane-kinetin interaction. We chose water permeability for rapid time studies since it could be done well with our Beckman DU-8 Computing Spectrophotometer.
1[4C]
Glucose was chosen for the long time studies because this solute is known to be poorly permeable to unperturbed lipid bilayers (2, 33) . These experiments clearly show that kinetin can affect membrane permeability. We are not, however, suggesting at this time that control of membrane permeability is the initial mode of action of kinetin. Instead, we are indicating that kinetin can interact with certain components ofthe lipid bilayer, changing some physical parameters of the bilayer (as indicated by changes in water and glucose permeability and perhaps increases in membrane aggregation and fusion). The altered membrane may then be involved in some as yet undetermined fashion. Perhaps this involves a protein component. For example, it is possible that changes in membrane fluidity may alter the activity of a membrane-bound enzyme thereby affecting an intracellular process.
Other experiments employing plant tissues or organelles have linked cytokinins to several membrane processes. Various cytokinins have been shown to affect phosphate absorption with beet root discs (23) and potato tubers (13) , uptake of monovalent cations by sunflower cotyledons (14) , increased permeability to thiourea and urea with onion epidermis (9) , alterations in respiration rates for whole cells as well as plant organelles (19) , and changes in net water movement (17) with carrot cylinders (12) and radish cotyledons (3) . By their very nature, use of complex natural plant tissues makes these experiments difficult to interpret. By using the simple liposome systems, we can be certain that our measurements indicate kinetin-induced increases in membrane permeability.
We 
